Mutating the rare A32-U38 nucleotide pair at the top of the anticodon loop of Escherichia coli tRNA Ala GGC to a more common U32-A38 pair results in a tRNA that performs almost normally on cognate codons but is unusually efficient in reading nearcognate codons. Pre-steady state kinetic measurements on E. coli ribosomes show that, unlike the wild-type tRNA Ala GGC , the misreading mutant tRNA Ala GGC shows rapid GTP hydrolysis and no detectable proofreading on near-cognate codons. Similarly, tRNA Ala GGC mutated to contain C32-G38, a pair that is found in some bacterial tRNA Ala GGC sequences, was able to decode only the cognate codons, whereas tRNA Ala GGC containing a more common C32-A38 pair was able to decode all cognate and near-cognate codons tested. We propose that many of the phylogenetically conserved sequence elements present in each tRNA have evolved to suppress translation of near-cognate codons.
Numerous biochemical experiments suggest that the 45 elongator aminoacyl-tRNAs (aa-tRNAs) in E. coli act as equivalent substrates of the translational machinery. More than 20 different E. coli aa-tRNAs were found to bind elongation factor Tu (EF-Tu) with similar affinities 1 , and 8 show nearly identical rates of dissociation from the A site and the P site of encoded E. coli ribosomes 2 . Recent experiments have shown that ten different E. coli aa-tRNAs have nearly identical ternary complex binding affinities to the ribosomal entry site and similar rates of GTP hydrolysis and peptide bond formation during decoding 3 . Despite their uniform functional properties, aa-tRNAs are quite different from one another chemically. Phylogenetic analysis of tRNA sequences from 145 bacteria with fully sequenced genomes indicates that each tRNA isoacceptor has a unique set of consensus residues distributed throughout the molecule 4 . In addition, each tRNA species contains different types and numbers of post-transcriptional modifications in the anticodon loop and the tertiary core 5 . Several experiments have shown that when these consensus residues are mutated or when one or more of the modifications are removed, the uniform functional properties of the aa-tRNA are lost. For example, removing all the post-transcriptional modifications from aa-tRNAs weakens the binding to the ribosomal A or P sites of several aa-tRNAs 2 . Base pair changes in the T-stem of individual tRNAs can either weaken or strengthen their binding affinity to EF-Tu 6 . Removal of selected modifications or changes in the sequence within the body of a suppressor tRNA can also either increase or decrease its ability to decode a termination codon in vivo [7] [8] [9] . These experiments suggest that the overall chemical composition of every aa-tRNA has been 'tuned' by evolution such that each aa-tRNA functions equivalently in the decoding process.
Although the emerging data support the view that tRNA sequences are idiosyncratically tuned for uniform behavior during decoding, it does not explain the underlying reason why this has occurred. It is unclear what the evolutionary disadvantage would be if the different aa-tRNAs showed a range of affinities for the ribosome or proceeded through the decoding pathway at different rates. One possibility is that the uniform behavior is related to the need for aa-tRNAs to undergo accurate decoding. Each aa-tRNA must read its cognate codons, but it must not efficiently read the structurally similar near-cognate codons containing a single-nucleotide mismatch. Numerous experiments have shown that the introduction of certain tRNA mutations or the removal of an individual post-transcriptional modification can lead to misreading [10] [11] [12] [13] [14] or translational frameshifting [15] [16] [17] [18] in vivo. However, a mechanistic understanding of this phenomenon is limited to the G24A mutation of E. coli tRNA Trp , which substantially promotes misreading of several near-cognate codons 19 . Here we evaluated mutations in the anticodon loop of E. coli tRNA Ala GGC that are known to stabilize binding to ribosomes for their ability to read near-cognate codons. To achieve this, we used kinetic and thermodynamic assays that measure different steps in the decoding process.
RESULTS
Mutating A32-U38 has little effect on cognate decoding tRNA Ala GGC is the minor alanine isoacceptor in E. coli that selectively reads its complementary GCC and wobble GCU codons 20 . The major isoacceptor tRNA Ala UGC is capable of reading all four alanine codons, so tRNA Ala GGC is not essential for growth, although its deletion causes a slow-growth phenotype in minimal media 21 . One of the distinctive structural features of tRNA Ala GGC is the A-U pair at positions 32 and 38 at the top of the anticodon loop (Fig. 1) . This combination of residues is rare in bacterial tRNAs, being present only in tRNA Ala GGC and tRNA Pro GGG (ref. 5) . Recent experiments measuring the binding of E. coli tRNA Ala GGC to the A site of ribosomes encoded with a complementary GCC codon showed that the identity of the nucleotide pair at positions 32 and 38 modulates the tRNA binding affinity 22 . Whereas the wild-type tRNA Ala GGC demonstrated an A site binding affinity similar to other deacylated elongator tRNAs 2 , replacement of the A32-U38 pair by U-A, U-U or A-A pairs caused the binding affinity of tRNA Ala GGC to be four-to ten-fold stronger 22 . Introduction of the C32-G38 pair, which is present in tRNA Ala GGC sequences of some other bacteria, had no effect on A site binding. This suggested that the rare A32-U38 pair and its phylogenetic alternative, C32-G38, have evolved to weaken the tRNA Ala GGC binding affinity for ribosomes to ensure that its affinity is similar to that of other tRNAs.
Because the binding affinity of aa-tRNAs to the ribosomal A site does not measure a step in the normal decoding process, discerning the relevance of the 32-38 pair for tRNA Ala GGC function requires assays that measure decoding directly. As mutated tRNA Ala GGC sequences are most easily tested using unmodified tRNA transcripts, we first compared the decoding properties of unmodified tRNA Ala GGC to previous data obtained for its fully modified counterpart. We assayed unmodified Ala-tRNA Ala GGC on E. coli ribosomes programmed with a 27-nucleotide derivative of the initiation region of T4 gp32 mRNA displaying the cognate GCC codon in the A site and an AUG codon in the P site. As previously described in greater detail 3 , we used three different assays to evaluate the ability of Ala-tRNA Ala GGC to undergo decoding. First, we determined the K d of a catalytically inactive ternary complex bound to the entry site of E. coli ribosomes containing tRNA fMet in the P site 23 (Fig. 2a) . Second, we determined the rate of GTP hydrolysis by the ternary complex at several encoded ribosome concentrations to deduce k GTPmax , the GTPase rate at saturating ribosome concentrations (Fig. 2b,c) . Finally, we measured k pep , the observed rate of peptide bond formation between fMet-tRNA fMet and Ala-tRNA Ala GGC (Fig. 2d) 2, 10, 24 , the post-transcriptional modifications have only a small effect on the decoding process of tRNA Ala GGC in the conditions used in these in vitro experiments. This is likely to reflect the fact that native tRNA Ala GGC has no modifications in the anticodon loop and only five modifications in the tertiary core, which do not directly contact the ribosome 20, 25, 26 (Fig. 1) . Although removal of the modifications in the tertiary core of tRNA can destabilize tRNA structure, these effects are minimal in the buffer containing 10 mM MgCl 2 . However, in buffers containing lower MgCl 2 concentrations, such as the highfidelity buffers often used in translation studies, transcripts are not fully folded [27] [28] [29] [30] .
We next compared the ability of the unmodified wild-type tRNA, tRNA Ala GGC (wt), to decode its cognate codons with a tightly binding double mutant where the wild-type A32-U38 pair was changed to a U32-A38 pair, tRNA Ala GGC (UA) 22 . Both of these tRNAs were effective in decoding the GCC and GCU codons, but the ternary complex containing tRNA Ala GGC (UA) bound to the perfectly complementary GCC codon approximately two-fold more tightly and the wobble GCU codon about four-fold more tightly than tRNA Ala GGC (wt) ( Table 1) . However, tRNA Ala GGC (UA) showed k GTPmax and k pep values that were indistinguishable from tRNA Ala GGC (wt) on both cognate codons ( Table 1) . Thus, it seems that, although mutating the A32-U38 pair to U32-A38 in tRNA Ala GGC slightly increases the affinity of the ternary complex for the ribosome, it does not affect the subsequent kinetic steps of decoding under the conditions used here.
The A32-U38 pair in tRNA Ala GGC prevents misreading We assayed the binding affinities of the wild-type and mutant tRNA Ala GGC ternary complexes to the ribosomal entry site using the two near-cognate alanine codons GCA and GCG, which introduce an A-G or G-G mismatch into the third position of the codon-anticodon helix. As would be expected on the basis of previous studies comparing wild-type tRNA binding to near-cognate codons 19, 31 , both ternary complexes bound the mismatched codons much more weakly than the cognate codons ( Fig. 2a and Table 1 ). However, the ternary complex containing tRNA Ala GGC (UA) bound the near-cognate codons at least five-fold more tightly than complexes containing tRNA Ala GGC (wt). Hence, the stabilizing effect of mutating the A32-U38 base pair to U-A is similar or even slightly greater on the near-cognate codons than was observed with the cognate codons. The rate of ternary complex association to ribosomes is the same for both cognate and nearcognate codons 32 , so it is likely that the stabilizing effect of the mutation is due to a slower dissociation rate of the ternary complex off the ribosome. This would result in tRNA Ala GGC (UA) being less accurate in the initial selection step of decoding 33 . This suggests that one reason the A32-U38 pair in tRNA Ala GGC has evolved to be so well conserved is to destabilize ternary complex binding to ribosomes and thereby improve the accuracy of the initial selection steps of decoding.
To assess whether the 32-38 pair also influences translation accuracy in the subsequent steps of decoding, it was first necessary to determine how well the tRNA Ala GGC (wt) transcript can decode a near-cognate codon. It was possible to obtain values of k GTP at several ribosome concentrations and estimate a k GTPmax using the near-cognate GCA codon, despite the fact that the ternary complex binds more weakly to ribosomes containing mismatched codons (Fig. 2b,c) . The value of k GTPmax was 2.4 s -1 , 13-fold slower than the value obtained for the cognate GCC codon. The formation of dipeptide bond on the nearcognate GCA codon occurs much more slowly than k pep ¼ 1.7 s -1 Figure 1 Secondary structure of E. coli tRNA Ala GGC . The nucleotides in bold with post-transcriptional modifications were not modified in the tRNAs used for this study. Residues in smaller type are present in E. coli tRNA Ala GGC but are not conserved among all bacterial tRNA Ala GGC . Positions 32 and 38 in the anticodon loop are numbered.
obtained with the cognate codon, but we could only estimate k pep to be less than 0.05 s -1 ( Fig. 2d ; see Methods). The slower values of k GTPmax and k pep have been explained by an induced-fit mechanism in which the mismatched codon-anticodon interaction causes incorrect adaptation of the tRNA to the ribosome and thereby prevents the ribosomal conformational changes needed to promote rapid catalysis [33] [34] [35] .
The tighter binding tRNA Ala GGC (UA) showed markedly different behavior from tRNA Ala GGC (wt) in decoding the near-cognate GCA codon. tRNA Ala GGC (UA) showed a k GTPmax value of 27 s -1 , substantially faster than the value of 2.4 s -1 observed with tRNA Ala GGC (wt) and essentially the same rate as observed on its cognate codon (Fig. 2b,c and Table 1 ). Similarly, the k pep value of 2.1 s -1 on the GCA near-cognate codon was also significantly accelerated, such that it is nearly equal to the value determined using the cognate GCC codon (Fig. 2d and Table 1 ). The fact that the fraction of dipeptide formed reached the same level with near-cognate codons as with cognate codons indicates that the mutant tRNA is not considerably rejected off the ribosome in the presence of the near-cognate codon. In other words, tRNA Ala GGC (UA) seems to evade the proofreading process by stimulating the forwardreaction rates so that it efficiently makes dipeptide on the near-cognate codon.
The difference in initial selection rates for tRNAs on cognate versus near-cognate codons is increased in buffers containing low concentrations of MgCl 2 and with polyamines 33, 36 , so we asked whether tRNA Ala GGC (UA) can also decode a near-cognate codon in such a highfidelity buffer (Supplementary results online). Although the K d of the different ternary complexes could not be determined even on the cognate codons in this buffer, owing to poor stability of the ribosome/ternary complex adduct in the filter-retention assay, we were able to measure the rates of GTP hydrolysis and peptide bond formation. The apparent rate of GTP hydrolysis determined in high-fidelity buffer with 2 mM ribosomes showed that, as in the 10 mM MgCl 2 buffer, tRNA Ala GGC (wt) has a fast rate of hydrolysis on the cognate codon and a much slower rate on the near-cognate GCA codon, whereas tRNA Ala GGC (UA) has a similar, fast rate of GTP hydrolysis on both codons ( Supplementary  Fig. 1 online) . However, unlike in the 10 mM MgCl 2 buffer (Fig. 2b) , the extent of GTP hydrolysis achieved at long incubation times was only 20%, reflecting the fact that a substantial fraction of the EF-Tu/GTP did not have an aa-tRNA stably bound. This presumably arises from the poor folding of the transcript tRNA in this buffer. Experiments measuring the rate of peptide bond formation in the high-fidelity buffer showed that tRNA Ala GGC (wt) rapidly formed dipeptide in the presence of the cognate codon and not the GCA near-cognate codon, whereas tRNA Ala GGC (UA) could efficiently form dipeptide on both codons ( Supplementary Fig. 2 online) . Because the data collected in the high-fidelity buffer resembled the data collected in the 10 mM MgCl 2 buffer in which tRNA folding was not compromised, we used the 10 mM MgCl 2 buffer for the remainder of the experiments.
To determine whether tRNA Ala GGC (UA) is also capable of misreading other near-cognate codons, we used the k pep assay to monitor the rate of misincorporation at ACC (threonine) and GUC (valine) codons, which form mismatches at the first and second codon positions, respectively. Similarly to the results with the mismatched GCA (alanine) codon, tRNA Ala GGC (UA) was able to misread both nearcognate codons with rates and extents of reaction similar to the cognate GCC codon, whereas tRNA Ala GGC (wt) showed slow rates ( Fig. 3 and Table 1 ). This indicates that tRNA Ala GGC (UA) has lost its ability to perform accurate decoding on any near-cognate codon.
To determine whether misreading was a phenomenon specific to the U32-A38 pair, we tested two other mutant tRNA Ala GGC molecules using the k pep assay with the two cognate codons and the three nearcognate codons ( Table 1) . We mutated tRNA Ala GGC to contain two other 32-38-nucleotide pairs: one (C32-A38) is commonly found in bacterial tRNAs other than tRNA Ala GGC , and another (C32-G38) is conserved in 22% of known bacterial tRNA Ala GGC sequences but is present in only 1.2% of all bacterial tRNAs 5 . tRNA Ala GGC (CA), representing a 32-38 pair present in 52% of all bacterial tRNAs 5 , was able to read cognate codons normally, but it also rapidly and efficiently misread all three near-cognate codons, similarly to tRNA Ala GGC (UA). In contrast, tRNA Ala GGC (CG) behaved similarly to tRNA Ala GGC (wt) in effectively reading the cognate codons, but showed slow rates of k pep on near-cognate codons. These results are consistent with the fact that tRNA Ala GGC in some bacteria contains the rare C32-G38 pair in place of A32-U38, but none contains the C32-A38 or U32-A38 pairs 5 .
DISCUSSION
The A32-U38 pair was originally identified as a sequence element that destabilized binding of tRNAs to the ribosomal A site 22 . It was hypothesized that the purpose of this pair in bacterial tRNA Ala GGC and tRNA Pro GGG was to off-set the stabilizing effect of their GC-rich codonanticodon pairs so that they would act similarly to other tRNAs when decoding their cognate codons. Although this view may be correct, experiments presented here measuring decoding on near-cognate codons using pre-steady state kinetics make it clear that a crucial role of this base pair is to prevent misreading. When this A32-U38 pair is mutated to a more common 32-38 pair, the resulting ternary complex can not only bind ribosomes somewhat more tightly than the wild-type tRNA but can also stimulate GTP hydrolysis and peptide bond formation equally well on both cognate and near-cognate codons. As these effects would reduce the ability of tRNA Ala GGC to distinguish cognate from near-cognate codons in both the initial selection and proofreading steps of decoding, it is likely that the A32-U38 pair was selected to maintain translational accuracy.
Once bound to the ribosome, it is astonishing how well tRNA Ala GGC (UA) can function on near-cognate codons. Both the maximal rate of GTP hydrolysis and the rate and extent of peptide bond formation are indistinguishable from what is observed for tRNA Ala GGC (wt) with its cognate codon. In other words, in these assays the ribosome does not detect that a mismatched codonanticodon complex has formed, and it allows peptide bond formation to occur normally without any proofreading. This ability of tRNA Ala GGC (UA) to efficiently read near-cognate codons far exceeds the in vitro effects of error-inducing antibiotics 37, 38 . Although the G24A mutation of E. coli tRNA Trp also shows substantial misreading in vitro, it shows no difference in binding to near-cognate codons on the ribosome as a ternary complex and still shows substantially reduced levels of peptide bond formation on mismatched codons, indicating that some proofreading occurs 19 . tRNA Ala GGC (UA) can rapidly undergo GTP hydrolysis and peptide bond formation on the near-cognate GCA codon, even in the low-magnesium, high-fidelity buffer in which the unmodified transcript is not as well folded as in the standard 10 mM MgCl 2 buffer.
Several of the results presented here have been confirmed using an in vitro translation assay with purified components to prepare oligopeptides from a defined mRNA 39 . Transcripts of tRNA Ala GGC containing one of the more common 32-38 pairs (C-A, U-A or U-U) were effective at incorporating alanine at a GUC (valine) codon, whereas tRNA Ala GGC (wt) and tRNA Ala GGC (CG) were not. It is notable that, when a competitor tRNA with an anticodon cognate to the GUC codon was added to the reaction, misincorporation by the tRNA Ala GGC mutants was strongly suppressed, presumably because the competitor ternary complex can bind its cognate codon much more tightly than the tRNA Ala GGC mutants. Effective competition by correctly matched tRNAs probably also explains why expression of the misreading tRNA Ala GGC (CA) in E. coli has only modest effects on bacterial growth 39 .
The 32-38 pair modulates the binding of the Ala-tRNA Ala GGC ternary complex to the ribosomal entry site with a trend similar to how it modulates binding of the deacylated tRNA Ala GGC to the ribosomal A site 22 . It is likely that in both cases the explanation of the sequence specificity lies in the structure of the anticodon loop, because the 32-38 pair of tRNA Phe present in high-resolution crystal structures does not seem to interact directly with the 30S ribosome in either complex 35, 40 . As discussed previously 41 , the A32-U38 pair may form a stable Watson-Crick pair that in turn allows U33 and A37 to form a base pair, resulting in a 3-nucleotide anticodon loop. The observed weaker binding of the wild-type A32-U38 pair would then be due to the energy required to break these base pairs to rearrange the loop into a more open conformation upon codon binding. An Figure 3 Time course of peptide bond formation for tRNA Ala GGC (wt) and tRNA Ala GGC (UA) on the cognate GCC codon (taken from Fig. 2d ) and the mismatched ACC and GUC codons. Only data that can be fit to a simple exponential is fit to a line (see Methods).
alternative, less specific explanation for the destabilizing effect of the A32-U38 pair may be that, compared to other nonconserved nucleotide pairs, this particular pair is in some way less able to stabilize the codon-anticodon helix through stacking interactions.
A different explanation is required to account for how tRNA Ala GGC (UA) can efficiently stimulate its rapid forward rates on near-cognate codons once it is bound to ribosomes. Although no high-resolution X-ray structure of the ternary complex bound to ribosomes is available, medium-resolution cryo-EM structures suggest that the structures of tRNA and possibly EF-Tu are distorted when the ternary complex binds to a cognate codon in the entry site 26, 42, 43 . It has been proposed that, when a mismatched codon is present, the altered structure of the codon-anticodon helix prohibits this distortion in the ternary complex, leading to weaker binding and rejection after GTP hydrolysis 34 . Presumably, tRNA mutations that promote misreading have altered distortability or dynamics that allow them to fit into the ribosome correctly despite the mismatched codon, as described in the original 'waggle' theory 44 . For example, the misreading G24A mutation of tRNA Trp lies close to a major site of distortion in the ribosome-bound ternary complexes 19, 26, 43 . Although no obvious distortion of this complex is observed in the region of the 32-38 pair, the resolutions of the structures are low. In addition, it is unclear whether each ternary complex will distort identically as a result of their differing tRNA sequences. However, the fact that tRNA Trp and tRNA Ala GGC use different positions to avoid the same inaccurate decoding phenotype highlights the idea that each tRNA is tuned by different elements.
Although it seems that one important selective pressure on tRNA sequences seems to be to perform equivalently in translating their cognate codons, experiments presented here highlight the fact that tRNA consensus sequences can also maintain translational accuracy. Whereas the A32-U38 (or C32-G38) consensus element in tRNA Ala GGC functions in tuning both ternary complex affinity and decoding accuracy, it is uncertain whether this will always be the case. Mutating other tRNA Ala GGC consensus elements does not seem to greatly affect ribosome binding 22 , but these mutants' ability to misread remains to be tested. It is possible that the extensive and complex tRNA sequence requirements associated with each anticodon reflect the apparent need for tRNA to show a characteristic deformability to ensure accurate decoding. Other elements, such as post-transcriptional modifications and the identity of the amino acid, are likely to be important for how the aa-tRNA functions on the ribosome, similarly to how the nature of the amino acid is important for aa-tRNA binding to EF-Tu 45 . In fact, this has recently been shown to be the case for proline, which has a slower rate of dipeptide formation if esterified to tRNA Phe rather than tRNA Pro (ref. 46) . If this is the case, mutations of tRNA consensus elements may not always directly affect aa-tRNA function on cognate codons but may instead affect their ability to avoid translating nearcognate codons.
METHODS

Materials.
We prepared tight-coupled 70S ribosomes from E. coli MRE600 cells as described 47 . Final ribosome pellets were resuspended in ribosome binding buffer (RB buffer: 50 mM HEPES, pH 7.0, 30 mM KCl, 70 mM NH 4 Cl, 10 mM MgCl 2 and 1 mM DTT) and were stored and activated as described 2 . The mRNAs used were derivatives of the initiation region of the T4 gp32 mRNA with the following sequence: 5¢-GGCAAGGAGGUAAAAAUGXXXGCACGU-3¢, where XXX indicates the codon complementary to the anticodon of the A site tRNA and the codon 3¢ of the A site has been changed from GCA to AAA for all mRNAs with an alanine codon in the A site.
We prepared EF-Tu (H84A) as described 3 . Escherichia coli tRNA Ala GGC was transcribed from templates generated by primer extension of overlapping DNA oligonucleotides (IDT) and purified via denaturing PAGE. We performed 3¢ [ 32 P] labeling and aminoacylation as previously described 48 with typical aminoacylation yields of 70% for all tRNAs including tRNA fMet .
Ternary complex binding assay. We measured equilibrium binding of ternary complexes to the entry site of the ribosome as described 3 . Ternary complex was formed by first converting 0.6 mM EF-Tu (H84A) to its GTP-bound form by incubating it with 100 mM GTP, 3 mM phosphoenolpyruvate and 12 U ml -1 pyruvate kinase in RB buffer at 37 1C for 20 min. The GTP-activated EF-Tu (H84A) was incubated with 3¢ [ 32 P]-labeled Ala-tRNA on ice for 20 min. A final concentration of o1 nM ternary complex was incubated at 20 1C for 2 min with 0.5-1,300 nM ribosomes, programmed with an excess of mRNA and tRNA fMet . We separated ribosome-bound ternary complex from free ternary complex by filtering the sample over nitrocellulose (Whatman 0.45 mm) and positively charged nylon (Amersham 0.45 mm) membranes in duplicate and washing with ten-fold excess RB buffer. Further washing did not affect the amount of ternary complex retained on the nitrocellulose filter. Because filter saturation made data collection with ribosome concentrations above 1,300 nM unfeasible, we estimated the K d values for weakly binding complexes assuming that the extent of binding would reach the same level as the more tightly bound cognate complexes. Data were quantified using a phosphorimager (Molecular Dynamics), and binding constants were determined by fitting the data to a single Michaelis-Menten binding isotherm using KaleidaGraph software (Synergy Software).
Kinetics experiments. We determined the rate of GTP hydrolysis as described 3, 19 . Briefly, 300 nM ternary complex was formed with EF-Tu, g-32 P GTP and Ala-tRNA on ice. We removed excess g-32 P GTP by filtration through two P30 spin columns (Bio-Rad) equilibrated with RB buffer. Equal volumes of ternary complex and programmed ribosomes were mixed for set times in a KinTek quench flow apparatus and quenched with 40% (v/v) formic acid to determine apparent GTP-hydrolysis rates at each ribosome concentration ranging from 0.5-4 mM. Hydrolyzed free 32 P i was separated from g-32 P GTP by thin-layer chromatography (TLC) using PEI cellulose plates run in 0.5 M KH 2 PO 4 . We determined the apparent rates of hydrolysis at each ribosome concentration by fitting the fraction of GTP hydrolyzed over time to a singleexponential curvefit. The apparent rates were then plotted over the range of ribosome concentrations tested to extrapolate the maximal rate of GTP hydrolysis at a saturating ribosome concentration.
We determined the rate of peptide bond formation as described 3, 48 . Equal volumes of 50 nM ternary complex containing EF-Tu, GTP and 3¢ [ 32 P]-labeled Ala-tRNA was mixed with 500 nM ribosomes programmed with excess mRNA and fMet-tRNA fMet in the P site using a Kintek quench-flow apparatus. Reactions were quenched in 5 mM sodium acetate, pH 4.5, 100 mM EDTA. We analyzed samples by S1 nuclease digestion followed by separating cleaved [ 32 P]-AMP, [ 32 P]-Ala-AMP and [ 32 P]-fMet-Ala-AMP on PEI cellulose TLC plates in glacial acetic acid/1 M NH 4 Cl/H 2 O (5:10:85). The fraction of fMet-Ala dipeptide formed was calculated compared to the total signal for deacyl, aminoacyl and dipeptidyl tRNA present. The data for the fraction of dipeptide formed over time were fit to a single-exponential curvefit to determine the rate of peptide bond formation.
In experiments that measured the time course of peptide bond formation of tRNA Ala GGC (wt) or tRNA Ala GGC (CG) on the mismatched codons GCA, GUC or ACC, little dipeptide formed in the first second but then increasing amounts of product appeared in the time period up to 10 s (Figs. 2d and 3) . At longer incubation times, the amount of product slowly continued to increase until as much as 25% dipeptide was formed after 5 min (data not shown). This may indicate that, in addition to a slow rate of peptide bond formation on mismatched codons, tRNA Ala GGC shows a rate of rejection that is unusually slow compared those of to tRNA Phe , tRNA Trp and tRNA UGC Ala (refs. 19,31,33) . However, because the kinetic curve could not be fit by a simple exponential, it is also possible that the slow rate of dipeptide formation in these experiments is the result of multiple binding events or even EF-Tu-independent binding. As a result, we have only estimated a limit for k pep at o0.05 s -1 in these cases.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
